Introduction: Established biomarkers for the diagnosis of sepsis are procalcitonin, interleukin 6, and C-reactive protein. Although sepsis evokes changes of coagulation and fibrinolysis, it is unknown whether thromboelastometry can detect these alterations. We investigated whether thromboelastometry variables are suitable as biomarkers for severe sepsis in critically ill adults. Methods: In the observational cohort study, blood samples were obtained from patients on the day of diagnosis of severe sepsis (n = 56) and from postoperative patients (n = 52), and clotting time, clot formation time, maximum clot firmness, alpha angle, and lysis index were measured with thromboelastometry. In addition, procalcitonin, interleukin 6, and C-reactive protein levels were determined. For comparison of biomarkers, receiver operating characteristic (ROC) curves were used, and the optimal cut-offs and odds ratios were calculated. Results: In comparison with postoperative controls, patients with sepsis showed an increase in lysis index (97% ± 0.3 versus 92 ± 0.5; P < 0.001; mean and SEM) and procalcitonin (2.5 ng/ml ± 0.5 versus 30.6 ± 8.7; P < 0.001). Clotformation time, alpha angle, maximum clot firmness, as well as interleukin 6 and C-reactive protein concentrations were not different between groups; clotting time was slightly prolonged. ROC analysis demonstrated an area under the curve (AUC) of 0.901 (CI 0.838 -0.964) for the lysis index, and 0.756 (CI 0.666 -0.846) for procalcitonin. The calculated cut-off for the lysis index was > 96.5%, resulting in a sensitivity of 84.2%, and a specificity of 94.2%, with an odds ratio of 85.3 (CI 21.7 -334.5). Conclusions: The thromboelastometry lysis index proved to be a more reliable biomarker of severe sepsis in critically ill adults than were procalcitonin, interleukin 6, and C-reactive protein. The results also demonstrate that early involvement of the hemostatic system is a common event in severe sepsis.
Introduction
Sepsis is a common cause of death in critically ill patients, and early diagnosis is mandatory to improve the prognosis. Commonly used biomarkers like procalcitonin, C-reactive protein, and interleukin 6 are produced by the host in response to infections. However, the concentrations of these biomarkers can increase in patients with trauma or surgery, even without infection, and, therefore, their diagnostic value in critically ill patients is far from perfect [1] .
In patients with sepsis, activation of hemostasis is of marked pathophysiologic relevance, as it is associated with increased mortality [2] . As the mechanism, fibrin deposition in the vasculature, leading to ischemia and multiorgan failure, is assumed [3] . Only sparse information, however, is available on the use of thromboelastometry in sepsis. This method measures the mechanical properties of a forming clot in whole-blood samples in a time-dependent fashion and is an increasingly accepted point-of-care method for monitoring and therapy of hemostatic disturbances [4] . In a recent study, we demonstrated that endotoxinemia can be detected with thromboelastometry under in vitro conditions [5] . Thromboelastometric variables remained within reference ranges during the course of critically illness in 30 patients with sepsis [6] . In another study, however, early changes in thromboelastometry values were demonstrated in endotoxin-treated pigs [7] .
The aim of the present study was to investigate the value of thromboelastometry variables as potential biomarkers of sepsis in critically ill adults and to compare these hemostasis-related biomarkers with the established markers procalcitonin, interleukin 6, and C-reactive protein.
Materials and methods

Patients
The study was reviewed and approved by the Ethics Committee of the University Hospital Essen. In detail, informed written consent was given by both postoperative patients and probands. Informed consent of patients with sepsis was waived by the ethics committee, but written informed consent for the use of data was acquired by the surviving patients after recovery from the disease. Over a period of 2 years, 56 patients admitted to an ICU of the University Hospital of Essen were considered eligible for the study if they fulfilled the criteria for severe sepsis (sepsis group) [8] . As the second group, patients admitted to the ICU after surgery but without the criterion of sepsis were chosen (postoperative group). Groups were not matched. A detailed characterization of patients and controls is given in Table 1 . As a third group, healthy probands were chosen (probands group). In all groups, whole-blood samples were subjected to thromboelastometry (ROTEM 05; Pentapharm, Germany). Samples from septic and postoperative patients were drawn within 24 hours of diagnosis and surgery, respectively. Furthermore, procalcitonin, interleukin 6, and C-reactive protein concentrations as well as SAPS II and SOFA scores were determined in these groups at the same time [9, 10] .
Thromboelastometry
Whole-blood coagulation properties of citrated blood samples were determined by using thromboelastometry. To exclude potential effects of heparin on coagulation, 20 μl heparinase was added to the samples according to the manufacturer's recommendations (Pentapharm, München, Germany). Thereafter, samples were subjected to thromboelastometry (ROTEM 05; Pentapharm), and coagulation was initiated by addition of CaCl 2 (20 μl, 0.2 M CaCl 2 , NaTEM test). Clotting time (CT), clot-formation time (CFT), maximum clot firmness (MCF), alpha angle, and the 60-minute lysis index were determined.
Assays for procalcitonin, interleukin 6, and C-reactive protein concentrations
For the determination of procalcitonin concentration, the Liaison Brahms PCT assay (Diasorin S.p.A., Sallugia, Italy) was used. C-reactive protein was measured by using the CRP wide-range assay of the Avidia 1650 chemistry system (Bayer Healthcare LLC, Leverkusen, Germany). Interleukin 6 was determined by using an Immulite 2000 systems analyzer and reagents (Siemens Healthcare Diagnostics Products Ltd., Duisburg, Germany).
Statistical analysis
Values for the thromboelastometry variables and concentrations of procalcitonin, interleukin 6, and C-reactive protein in patients with and without severe sepsis are given as mean and standard error of the mean (SEM), as well as median and 25 th and 75 th percentiles. The Shapiro-Wilk test excluded a normal distribution for several values. Therefore, the Mann-Whitney test was used for statistical evaluation. For the comparison of biomarkers, receiver operating characteristic (ROC) curves were used, and these results are given as area under the curve (AUC), 95% confidence interval (CI), and asymptotic significance (P value). Furthermore, the optimal cut-off value for each biomarker was calculated, and the corresponding sensitivities and specifities are presented. Optimal sensitivity and specificity were defined as those yielding the minimal value for (1 -sensitivity) 2 + (1 -specificity) 2 , as described [11] . With the calculated optimal cut-off values, the odds ratios were calculated along with the respective 95% CIs, as well as the significance values, by using the χ 2 test. SPSS Version 16 (SPSS Inc., Chicago, IL, USA) was used for all statistical procedures, and an a priori alpha error P of < 0.05 was considered statistically significant.
Results
Thromboelastometry variables in probands and postoperative patients
In comparison with probands, postoperative patients showed an increased hemostasis potential. Thromboelastometry variables were characterized by a shorter clotting time and clot-formation time, as well as increased alpha angle and maximum clot firmness. Remarkably, the lysis index was not different in probands and postoperative patients (Table 2) .
Thromboelastometry variables in critically ill patients with and without severe sepsis
In comparison with postoperative patients, sepsis patients showed an increased lysis index (97.0% ± 0.3 versus 92.0 ± 0.5; P < 0.001) Clot-formation time, alpha angle, and maximum clot firmness were not significantly different between groups (Table 2 ), but the clotting time was slightly prolonged.
Conventional biomarkers in critically ill patients with and without severe sepsis
Procalcitonin, interleukin 6, and C-reactive protein concentrations were tested for differences between patients with and without sepsis. Procalcitonin concentration averaged 2.5 ng/ml ± 0.5 in postoperative patients but 30.6 ng/ml ± 8.7 in patients with severe sepsis (P < 0.001). Neither interleukin 6 nor C-reactive protein concentrations were significantly different between patients with and without sepsis ( Table 3 ). In both postoperative and sepsis patients, mean values for procalcitonin, interleukin 6, and C-reactive protein exceeded the reference interval by far (Table 3) .
Comparison of thromboelastometry variables and conventional biomarkers for the diagnosis of severe sepsis in critical ill adults As shown above, thromboelastometry lysis index and procalcitonin concentration were different in postoperative and sepsis patients. To further investigate the diagnostic value of these variables as potential biomarkers of severe sepsis in critical illness, a ROC curve analysis was performed. Furthermore, the 95% confidence intervals (CI), as well as the asymptotic significance niveaus were determined. The best accuracy was yielded by the lysis index, with an AUC of 0.901 (CI 0.838 -0.964; P < 0.001), followed by procalcitonin concentration (AUC 0.75; CI 0.666 -0.846; P < 0.001). The ROC curves for these variables are shown in Figure 1 . Comparison of the lysis index in probands and patients with sepsis, respectively, demonstrated that the variable was capable of detecting differences between these groups with high accuracy, too (AUC 0.890; CI 0.845 -0.977; P < 0.001).
Optimal cut-off values for lysis index and procalcitonin concentration for the diagnosis of sepsis in critically ill adults Optimal cut-off values were determined as described in the Methods section. For the lysis index, the optimum cut-off was > 96.5%, resulting in a sensitivity of 84.2% and a specificity of 94.2%. Applying this cut-off for the comparison of probands and sepsis patients, respectively, resulted in a sensitivity of 83.9% and a specificity of > 99%. The optimum cut-off for procalcitonin concentration was > 2.58 ng/ml, resulting in a sensitivity of 70.2% and a specificity of 75.0%.
Odds ratios for the biomarkers for the diagnosis of sepsis in critically ill patients
When applying these calculated optimum cut-off values for the biomarkers, the resulting odds ratios for the detection of severe sepsis in critically ill patients were 85.3 (CI 21.7 -334.5; P < 0.001) for the lysis index and 6.3 (CI 2.7 -14.4; P < 0.001) for procalcitonin concentration.
Discussion
Our results demonstrate that the thromboelastometry lysis index can discriminate intensive care patients with severe sepsis from postoperative patients and probands. Furthermore, comparison of thromboelastometry findings with the conventional biomarkers procalcitonin, interleukin 6, and C-reactive protein demonstrates a superior accuracy of the thromboelastometry lysis index in identifying patients with severe sepsis in critically ill patients. Finally, the data indicate that the fibrinolytic system is inhibited in nearly all patients with severe sepsis.
Thromboelastometry is a point-of-care method capable of determining the kinetics of clot formation and clot lysis in whole-blood samples, thereby assessing the viscoelastic properties of the clot [12] . The clotting variables obtained by thromboelastometry include the clotting time, representing the time to onset of coagulation, the clot-formation time and alpha angle, both of which describe the kinetics of clot formation, and the maximum clot firmness, describing the mechanical properties of the clot, which depends on both platelet count and fibrin polymerization. For the determination of the lysis index, the clot firmness prevailing 60 minutes after maximum clot firmness is reached, is divided by the maximum clot firmness. Thromboelastometry is widely accepted in cardiac and liver transplantation surgery [13, 14] , but studies on its use in sepsis are sparse. Although recent data obtained in experimental sepsis and small patient cohorts suggest that sepsis-induced alterations in hemostasis might be detected with thromboelastometry, it is unknown whether thromboelastometry variables might serve as biomarkers for the diagnosis of severe sepsis [5] [6] [7] 15] .
In Figure 2 , the results obtained by both the thromboelastometry lysis index and conventional biomarkers (a) as well as the thromboelastometry clotting variables (b) are summarized. The figure demonstrates that the lysis index is not different in probands and postoperative patients but is significantly higher in patients with severe sepsis. Similarly, procalcitonin slightly increases in postoperative patients and shows a further marked increase in patients with severe sepsis. In contrast, interleukin 6 and C-reactive protein are markedly higher in postoperative patients, but no further increase is found in patients with severe sepsis. Thus, thromboelastometry lysis index and procalcitonin, but not interleukin 6 and C-reactive protein, are capable of detecting patients with severe sepsis in critically ill adults. Concerning the thromboelastometry clotting variables clotting time, alpha angle, and clot-formation time, the present study demonstrates an increased hemostasis potential in postoperative patients ( Figure 2b) ; maximum clot firmness was not different in these groups. The differences observed between postoperative patients and patients with severe sepsis were small, not significant in most cases, and thus do not allow detection of the patients with severe sepsis.
It is a main result of the present study that the thromboelastometry lysis index was increased in patients with severe sepsis in comparison with probands and postoperative patients, suggesting that the function of the fibrinolytic system is markedly inhibited. Whereas clot firmness decreased by 8% after 1 hour in patients without sepsis and in probands, clot firmness decreased by only 3% in patients with severe sepsis. The fact that the thromboelastometry lysis index was the most reliable biomarker tested for the diagnosis of severe sepsis in critically ill patients in our study demonstrates that thromboelastometry is capable of detecting changes in the fibrinolytic system in severe sepsis. Furthermore, because changes in thromboelastometry variables were seen on the day of diagnosis of severe sepsis, our data demonstrate an early involvement of the fibrinolysis system occurring in almost all patients (84.2%) with severe sepsis. In this regard, it is important that the thromboelastometry lysis index is not different in probands and postoperative patients. Thus, an inhibition of fibrinolysis was found to be an integral part of the host response to severe infection but not to surgery.
Several reports address fibrinolysis in sepsis as well as the potential mechanisms involved [16] . Boudjeltia et al. [17] demonstrated a decrease in plasma fibrinolysis in sepsis, which was associated with organ dysfunction. As a mechanism, an increase in plasminogen activator inhibitor 1 (PAI-1), which is produced by endothelium and liver, has been demonstrated [18] . As activated protein C degrades PAI-1 and inhibits thrombin activable fibrinolysis inhibitor (TAFI), the decreased concentrations in activated protein C in sepsis may contribute to the inhibition of fibrinolysis in sepsis [19] [20] [21] . The importance of the fibrinolytic system in sepsis also has been demonstrated in genetically modified mice, showing that endotoxin-induced fibrin deposition in organs of mice deficient for tPA or uPA was more extensive than that in wild-type mice, and the opposite held true for PAI-1-deficient mice [22] . Although the latter work suggests a deleterious effect of the reduced fibrinolytic rate in an endotoxin model of sepsis, others describe that local thrombosis/fibrin-deposition limits the survival and dissemination of microbial pathogens in mice [23] . Thus, reduced fibrinolysis in sepsis probably reduces the invasion by and the spreading of bacteria but favors disseminated intravascular coagulation, leading to organ ischemia and multiorgan failure.
The present study has limitations. The number of patients in the cohort was limited, and the sensitivity and specifity of thromboelastometry values and of conventional biomarkers for the diagnosis of sepsis might differ in other cohorts and require further studies. Furthermore, the clinical use of thromboelastometry variables as a biomarker for severe sepsis might be limited by the fact that citrated whole-blood samples have to be processed within a short time frame, and that the method is time consuming when compared with automated laboratory methods. It is a fact that the groups in the present study were heterogeneous. However, we compared several biomarker and the best biomarker, the lysis index, showed an exceedingly high odds ratio of 85.3.
Conclusions
The results of the present study demonstrate that severe sepsis is associated with reduced fibrinolysis, as evidenced by thromboelastometry. The lysis index proved to be a better biomarker for sepsis in critical illness than procalcitonin, interleukin 6, or C-reactive protein. The fact that an inhibition of fibrinolysis occurred in nearly all patients with severe sepsis but not in postoperative patients suggests an important role of the fibrinolytic system in the pathophysiology of severe sepsis.
Key messages
• In comparison with probands and postoperative patients, the thromboelastometry lysis index is markedly increased in patients with severe sepsis.
• The thromboelastometry lysis indexed proved to be the best biomarker of sepsis in critically ill adults, followed by procalcitonin. Interleukin 6 and Creactive protein were not different.
• The fact that clot lysis is reduced in almost all patients with severe sepsis suggests an important role of the fibrinolytic system in severe sepsis.
